1. Introduction {#sec0005}
===============

Infections of the spine are persistent global problems \[[@bib0005]\]. Historically, they were predominantly associated with tuberculosis (Pott's disease), and this pathology remains a common cause in today's world \[[@bib0010]\]. However, their overall etiological roots can either be bacterial, mycobacterial, fungal, or parasitic. The incidence of spine infections has been steadily increasing in developed countries and ranges up to 6.5 cases per 100,000 \[[@bib0015],[@bib0020]\]. It currently accounts for ≈5% of all bone lesions in people over 50 years of age \[[@bib0015]\]. Spinal infections can be classified as osteomyelitis, facet joint septic arthritis, epidural bacterial abscesses, and septic discitis or spondylodiscitis \[[@bib0025]\]. Most arise from a remote haematogenous source with *Staphylococcus aureus* being the dominant pathogen accounting for over 28% of reported cases or about half of non-tuberculous causes \[[@bib0020]\]. An increasing number of these cases are, in fact, due to methicillin-resistant *Staphylococcus aureus* (MRSA), particularly in the elderly. Nevertheless, there are a number of both gram-positive and gram-negative bacteria that have been found as infection sources. These pathogens can also infect the spine by external inoculation or from contiguous tissues (*i.e.*, vascular catheters, epidural injections, previous surgical interventions, diabetic wounds, and bed pressure sores, *etc*.) \[[@bib0015]\]. Fungal infections are less common and are generally associated with compromised immune systems due to neutropenia, granulomatous disease, and chronic steroid or drug use. *Candida albicans* reportedly is the source for 1--2% of all discitis cases \[[@bib0030]\].

The diagnosis of spinal infections is problematic because its presentation can be varied. Often, there are long incubation periods prior to the onset of significant symptoms. Back pain is common, but it may range from mild to severe, sometimes worsening with the supine position \[[@bib0010]\]. Most symptoms are similar to common degenerative spinal disorders such as disc herniation, stenosis, and spondylolisthesis. Chest, abdominal, or radiating pain in the extremities are not unusual which may further complicate or delay a correct diagnosis. The presence of febrile symptoms is an indicator of a contagion; however fevers are only present in about half of the reported cases \[[@bib0030]\]. The infection is rarely polymicrobial so blood cultures and a microbiological analysis for the causative pathogen are essential diagnostic tools. Routine radiographs are ineffective in early detection of the disease because it takes up to 6 weeks for significant abscesses to form \[[@bib0015]\]. Conversely, magnetic resonance imaging (MRI) is the preferred modality for early radiological diagnosis \[[@bib0010]\]. It is the most sensitive (93--96%) and specific (92.5--97%) secondary imaging method for detection of discitis \[[@bib0020]\]. Without an appropriate MRI diagnosis and subsequent treatments, serious complications can ensue including vertebral abscess, osteomyelitis, meningitis, disabling deformities, neurological defects, and death \[[@bib0035]\].

While the optimal treatment remains unsettled \[[@bib0020]\], typical conservative management includes extended parenteral and antibiotic therapy -- 6 weeks is sufficient in most cases \[[@bib0015]\] -- coupled with orthotic immobilization if minor spinal instability is observed, or limited physical therapy if it is indicated \[[@bib0010]\]. Surgical intervention is required where there is significant pyogenic damage of osseous tissues, epidural abscess, severe spinal instability, kyphosis, or where conservative management has failed \[[@bib0010]\].

This paper reports on the successful outcomes of two patients with lumbar spinal infections, both of whom underwent single-level anterior discectomy, debridement, and arthrodesis using a silicon nitride (Si~3~N~4~) spinal spacer. Successful resolution of the sepsis, arthrodesis without instrumentation, and significant improvements in their clinical status were achieved in both cases. Pre- and post-operative MRIs and/or CT images were found to be essential in the diagnosis and recovery monitoring of their respective conditions. Furthermore, the novelty of these cases relates to the use of a ceramic interbody material that possesses both antibacterial and osteoconductive properties. The case series was retrospective in design on non-consecutive patients. All surgeries were performed at a single private practice center by the same surgeon (WMR), and the reported studies are in line with the PROCESS criteria \[[@bib0040]\].

2. Case history 1 {#sec0010}
=================

A 56 year-old male developed acute severe lumbosacral pain one month after receiving antibiotic treatment for systemic *Escherichia coli* (*E. coli*) sepsis arising from a urinary tract infection. Both blood and urine cultures tested positive for *E. coli* prior to treatment. Plain X-rays were unremarkable, but an MRI scan showed discitis at L5-S1 without abscess formation (cf., [Fig. 1](#fig0005){ref-type="fig"}). In addition to appropriate antibiotic therapy, the patient underwent anterior disc space debridement, with press-fit insertion of a silicon nitride spinal spacer (Valeo™-AL, 17 mm height 4° lordosis, Amedica Corporation, Salt Lake City, UT, USA). Morselized allograft was packed into the spacer lumen with one gram of vancomycin powder added to the graft material and placed directly in the disc space. While intraoperative cultures were negative, the MRI and other intraoperative observations were consistent with disc space infection. Despite marginal bone quality in the adjacent vertebral bodies, the silicon nitride implant achieved stable mechanical fixation. No spinal instrumentation was utilized due to abnormally soft bone in the vertebral bodies adjacent to the infection. It was reasoned that posterior instrumentation could be added later if necessary, once the septic condition had been resolved. The patient was mobilized with a brace immediately after surgery and completed intravenous and oral antibiotic therapy at home. At five months after surgery, he had returned to work with relief of pain, and was also free of any analgesic medications. Lumbar X-rays were taken at seven months after surgery when the patient presented with pain after a motor vehicle accident; these showed stable implant position (cf., [Fig. 2](#fig0010){ref-type="fig"}). At the patient's final follow-up, nine months after surgery, he was pain-free and absent of any evidence of the recurrent infection. A CT scan evaluation confirmed successful interbody fusion without implant migration (*cf.,* [Fig. 3](#fig0015){ref-type="fig"}).Fig. 1Case 1: Non-contrasted pre-op MRI showed marked disc degeneration and adjacent vertebral body inflammation at L5-S1, consistent with discitis.Fig. 1Fig. 2Case 1: Seven-month post-operative lateral X-ray image showed stabilization of the fused segments obtained by the Si~3~N~4~ interbody spacer without instrumentation. Note the radiographic visibility of the implant on this view.Fig. 2Fig. 3Case 1: Contrasted nine-month post-op CT image showed successful fusion without migration of the Si~3~N~4~ interbody spacer.Fig. 3

3. Case history 2 {#sec0015}
=================

A 34 year-old male had acute worsening of chronic low back pain. The patient's history indicated intravenous drug abuse and prior partial discectomy at L5-S1 for rupture. An MRI scan confirmed lumbar spine discitis at L5-S1 (cf., [Fig. 4](#fig0020){ref-type="fig"}). The offending pathogen was identified as *Candida albicans*. In addition to antifungal therapy, the patient underwent anterior debridement of the infected disc space with implantation of a silicon nitride spacer (Valeo™-AL spacer, 12 mm height, 12° lordosis). The spacer lumen was filled with morselized allograft without antibiotic powder. No spinal instrumentation was utilized because the patient had a low aortic bifurcation; it was difficult to mobilize tissues inflamed and scarred by the disc space infection. Mechanical stability of the spacer was achieved by a tight fit between adjacent vertebral bodies. An orthotic brace was used during the patient's initial recovery period of eight weeks, at which time he returned to baseline functions with a resumption of analgesic therapy for chronic low back pain. Serial X-rays showed progressive incorporation of the interbody spacer as arthrodesis occurred. An additional follow-up occurred at 15 months post-operatively when the patient reported low-back pain after a fall. A contrast MRI scan at that time showed no evidence of the recurrent infection and successful arthrodesis without spacer subsidence (cf., [Fig. 5](#fig0025){ref-type="fig"}).Fig. 4Case 2: Contrasted pre-op MRI showed contrast enhancement within the L5-S1 disc space, with advanced disc space collapse and vertebral body edema, consistent with discitis.Fig. 4Fig. 5Case 2: Contrasted MRI performed 15 months post-op showed good positioning of the Si~3~N~4~ interbody spacer, successful arthrodesis, and no recurrence of the infection.Fig. 5

4. Discussion {#sec0020}
=============

In the foregoing cases, follow-up X-ray, MRI, and CT scans of the spine were performed because of the unusual patient histories along with patient-specific variables that precluded the use of spinal instrumentation at the time of surgery. MRI and CT imaging provided improved visualization over X-ray radiography, particularly in diagnosing their conditions and assessing successful fusion across the affected lumbar segments \[[@bib0045]\]. Si~3~N~4~ spacers were chosen because of the surgeon's familiarity with these devices and because other investigators have reported that this material is inherently resistant to bacterial adhesion and biofilm formation \[[@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070]\]. In contrast to oxide ceramics (*e.g.*, alumina and zirconia) that are extensively used as articulation materials in hip and knee replacements \[[@bib0075],[@bib0080]\], Si~3~N~4~ is a non-oxide ceramic that was first used for lumbar fusion by Australian investigators. They reported successful arthrodesis outcomes after 15-years follow-up \[[@bib0085]\]. Subsequent studies have shown effective bone ingrowth into porous silicon nitride even without added autograft \[[@bib0090],[@bib0095]\]. Spine spacers made from Si~3~N~4~ are commercially available in a variety of sizes and configurations; and their use in infectious discitis may be particularly attractive in light of previously published data that demonstrate the material's resistance to several bacterial species \[[@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070]\].

The enhanced fusion characteristics of Si~3~N~4~ spacers result from the material's surface chemistry. In its final form, the ceramic consists of ∼90 vol.% polycrystalline Si~3~N~4~ grains intermixed with ∼10 vol.% of a silicon-aluminum-yttrium-oxynitride intergranular glass (SiYAlON). Aluminum oxide (Al~2~O~3~) and yttrium oxide (Y~2~O~3~) are utilized as sintering additives to aid densification of the ceramic. The presence of this glass phase has been found to promote osteoprogenitor cell differentiation and enhance osteoblastic activity *in vitro* \[[@bib0100], [@bib0105], [@bib0110]\]. This occurs because of the release of minute amounts of silicic acid (Si(OH)~4~) and ammonia (NH~3~) into the local biological environment. While it is well-known that silicon in a bioavailable form (*i.e.*, silicic acid) is essential and effective in bone remodeling and reformation \[[@bib0115], [@bib0120], [@bib0125]\], it was only recently shown that nitrogen may also play an important role in the rapid mineralization of reforming bone \[[@bib0110]\]. Using *in situ* Raman spectroscopy and *ex situ* laser microscopy, i*n vitro* assays measuring bone formation have shown an increase of ∼80% in hydroxyapatite formation in comparison to a biomedical titanium alloy \[[@bib0100]\]. Detailed analyses of human retrievals have also shown that Si~3~N~4~ surfaces promotes endocytotic uptake of bioavailable silicon and nitrogen resulting in enhanced appositional formation of ion-substituted hydroxyapatite at the implant's surface \[[@bib0110]\].

Both of the present case studies involved septic discitis. Yet, it is interesting to note that the second study was due to a fungal infection (*i.e.*, *Candida albicans*). While the effectiveness of Si~3~N~4~ against various fungal species is unknown, several recent reports suggest that its antimicrobial behavior may be the result of multivariate mechanisms \[[@bib0060], [@bib0065], [@bib0070]\]. For example, contact with polished Si~3~N~4~ surfaces resulted in the lysis of a gram-negative phylum, *Porphyromonas gingivalis* during a six-days of *in situ* exposure. The reported mechanism included the conversion of ammonia (NH~3~) to peroxynitrite (ONOO^−^), a powerful oxidative agent, which was able to permeate the bacteria's extracellular membranes. Once inside, it reduced lipid concentration, disrupted cellular functions, and damaged nucleic acids resulting in eventual death \[[@bib0060]\]. As another example, Ishikawa et al. utilized a murine model to show that the surface topography of Si~3~N~4~ played a role in resisting the adhesion of MRSA. In their study, the as-fired surfaces of Si~3~N~4~ consisted of protruding acicular needle-like grains that had nano-topographical features. This surface structure apparently prevented attachment of the gram-positive bacillus, which allowed the animal's immunological defenses to eventually clear it from the wound \[[@bib0070]\]. In a third study, Bock et al., examined multiple forms of Si~3~N~4~ in comparison to medical grades of polyetheretherketone (PEEK) and titanium using gram-positive *Staphylococcus epidermidis* and gram-negative *Escherichia coli.* All Si~3~N~4~ variants proved to be superior to PEEK and titanium in resisting bacterial adhesion and biofilm formation \[[@bib0065]\]. Their results suggested that the favorable antibacterial mechanisms of Si~3~N~4~ were indeed multivariate, and included submicron-topography, negative charging, chemical interactions, hydrophilicity, and protein adsorption. One or more of these mechanisms may have played important roles in the clearance of the pathogens in the two cited case studies.

In addition to enhanced bone ingrowth and bacterial resistance, the third property of Si~3~N~4~ that favored its use in the two case studies is its unique radiographic imaging ability. Because of its non-ferrous and non-magnetic nature, Si~3~N~4~ is visible and remains undistorted on X-rays, MRI, and CT \[[@bib0130]\]. In contrast, radiographic imaging of PEEK and metal implants is limited by radiolucency, or radiopacity and image scattering, respectively \[[@bib0135],[@bib0140]\]. Si~3~N~4~ implants may be the preferred interbody material for confirming spine fusion and assessing adjacent soft tissues without artifacts or distortion.

5. Conclusion {#sec0025}
=============

The results provided in these two clinical case studies are obviously constrained because of their inherent observational nature. For example, since there were no control patients with alternative materials, the contributions of Si~3~N~4~ in resolving the infections and in supporting the observed clinical fusions cannot be comparatively validated. However, when viewed in light of the cited literature which attests to the unique advantages of Si~3~N~4~ spinal spacers, the results suggest that this material may be particularly suitable in the treatment of pyogenic infectious discitis. Further data are needed to corroborate these encouraging findings.
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